Abstract -In order to study geochemical processes for migration and fixation of fissiogenic rare earth elements (REE) in association with uranium dissolution, in-situ isotopic analyses using an ion microprobe were performed on U-and REE-bearing secondary minerals, such as coffinite, françoisite, uraniferous goethite, and uraninite found in a sandstone layer 30~110 cm beneath a natural fission reactor at Bangombé, 
INTRODUCTION
Natural systems provide useful information on migration and retardation mechanisms of radioisotopes in nature and can be used to create and test models of the long-term behavior of spent nuclear fuel in the geosphere. In particular, the OkloOkelobond-Bangombe uranium deposits, the Republic of Gabon, central Africa, known as natural fission reactors are useful natural analogues, because large-scale fission reactions occurred spontaneously 2.0 Ga ago (Bodu et al., 1972; Neuilly et al., 1972) .
The behavior of the long-term geochemical behavior of actinides and fission products in the natural environment can be studied using these natural fission reactors.
The Bangombé uranium deposit is located about 30 km southeast from Oklo ( Fig. 1A) . In 1985, the natural fission reactor was found as a 5-10 cm thin layer at a depth of 12m at the Bangombé site. There are more than twenty drill-holes to investigate the Bangombé natural fission reactor, but only three drill holes, BA145, BAX03 and BAX08, have intersected the reactor (Fig. 1B) . The Bangombé reactor has been affected by hydrothermal alteration (Bros et al., 1994; Toulhoat et al., 1994) , because it is found at a shallow depth and as thin layer, while the Oklo reactors are more massive and at deeper depths (Gauthier-Lafaye and Weber, 1989; Gauthier-Lafaye et al., 1996 ).
The Bangombé site shows different redox conditions above and below the reactor. Because geochemical stability of uraninite largely depends upon the redox conditions, the Bangombé reactor provides a unique opportunity to study the geochemical behavior of fission products released from the uranium matrix in the natural environment. The Franceville basin is the host for the Oklo and the Bangombé uranium deposits and consists of five sedimentary units designated as the FA to the FE layers (Gauthier-Lafaye and Weber, 1989) . In the Bangombé region, the FB black shale layer is about 11~12 m in depth and is underlain by the FA basal sandstone (Fig.   1B ). Many isotopic studies have been completed to determine the geochemical behavior of fission products released from the natural fission reactors of Oklo and Bangombé Nagy et al., 1991; Gauthier-Lafaye et al., 1996; Hidaka and Holliger, 1998) . Most of the fissiogenic REE are well retained in the natural reactors. However, the loss of some amount of light REE (LREE) from the reactors has been recognized from the results of bulk rock analyses Hidaka et al., 1992; Menet et al., 1992) . Menet et al. (1992) measured Nd isotopes of the Oklo reactor 10 and the surrounding rocks, and found the released fissiogenic Nd along carbonate-filled fissures in the range of 0.5-1.0 m. Our current interest is to elucidate when and how the fission products have migrated and finally retained. Instrumental development of micro-region analysis by secondary ion mass spectrometry offers great advantages in determining the migration and incorporation processes of fission products into specific minerals. During the past decade, it has been recognized that some of the fission products have been incorporated into specific phases; platinoids elements into metallic aggregates (Holliger, 1991; Hidaka et al., 1993) ; Rb, Ba, LREE and Pu into apatite (Hidaka et al., 1994; Bros et al., 1996; Horie et al., 2004) ; LREE into florencite, coffinite and françoisite (Janeczek and Ewing, 1996a; 1996b) ; LREE and noble gases into Al-phosphate (Dymkov et al., 1997; Meshik et al., 2000) . In this paper, in-situ isotopic analysis of Ce, Nd, Sm, Eu, Pb and U were performed on U-and REE-bearing minerals found in the sandstone layer just beneath the Bangombé reactor.
EXPERIMENTAL

Samples
The samples in this study were taken from the BAX03 drill-core. Fig. 2 shows a stratigraphic section of the bore-hole BAX03. The reactor zone in BAX03 drillcore occurs at 11.75-11.80 m depth (about 5 cm thick). Petrologic observation shows that the FB layer that overlays the reactor contains a weathered zone (2.5-8.3 m in depth), an oxidized zone (8.3-8.8 m) and that fissiogenic elements have migrated from the reactor (11.4-11.75 m). Fissiogenic REE-bearing florencite, (REE)Al 3 (PO 4 ) 2 (OH) 6 , was found 5 cm above the reactor (Janeczek and Ewing, 1996a) . On the other hand, study of the FA sandstone layer has not yet been undertaken. In this study, all the samples were taken from the FA sandstone layer beneath the reactor zone of BAX03 drill-core. Four samples taken from 12. 10-12.20 m, 12.20-12.30 m, 12.30-12.50 m, 12.75-13 .10 m in depth are identified hereafter as BAX03.1215 BAX03. , 1225 BAX03. , 1240 BAX03. and 1290 respectively. Prior to in-situ isotopic analysis, mineral observation and identification of all four thin section samples were performed by an electron microprobe (JEOL XA-8200). The samples and their specific mineralogies are listed in Table 1 . Among the four thin sections, the samples 1225 and 1290 are the same samples in which REEbearing françoisite, (REE)(UO 2 ) 3 O(OH)(PO 4 )6H 2 O, and U-enriched goethite, FeOOH were previously discovered, respectively (Janeczek and Ewing, 1996b; Janeczek, 1999) .
Although mineral observation and chemical analysis of major elements of françoisite and goethite were previously carried out by Janeczek and Ewing (1996b) , the isotopic measurements were not performed. Besides the françoisite and goethite, in this study we found several phosphorus coffinite grains in BAX03.1225 and 1240, and uraninite grains in 1215 and 1290 that were subjected for isotopic analyses. In the 1290 sample, micro-uraninite grains observed in an organic aggregate coexist with goethite that is deposited along fractures in sandstone. Backscattered electron images of the minerals those U and REE isotopic compositions were measured in this study are shown in Fig. mm width-collector slit in order to avoid isobaric interferences of oxide and some unknown species onto atomic REE ion peak (Hidaka, 1998; Horie et al., 2004 (Hidaka, 1998; Horie et al., 2004) .
3.
Isotopic Measurements by SHRIMP
RESULTS
Isotopic data of Ce, Nd, Sm and Eu in individual minerals are summarized in Table 2 . The REE isotopic analysis only for the sample 1215 could not been carried out, because the physical damage of the thin section was found before measurements.
Therefore, the data for the sample 1215 are not shown in evidence of migration of depleted U from the reactor. Although U-Pb system of geological samples has been generally used to understand chronological history, the UPb data of the Bangombé samples may not provide direct information of the formation of primary and secondary U-bearing minerals because of significant disturbance of UPb system that resulted from mixing of radiogenic Pb from depleted U and non-depleted U. However, the assumption of two-component mixing allows us to put temporal constraints on the formation of secondary minerals in association with geochemical alteration near the Bangombé site.
DISCUSSION
Migration of Fissiogenic Ce, Nd, Sm and Eu from the Reactor Core
Fission and neutron capture are main reactions which cause the large isotopic anomalies of the elements in a reactor. Because of the contribution of fissiogenic isotopes, the isotopic ratios of individual minerals are different from non-fissiogenic isotopic data. In the mass region around LREE, fission product yields decrease with the mass number. Among REE isotopes detected in this study, 140 (England and Rider, 1994) , are lower than the non-fissiogenic ratio (7.99). In addition, some of REE isotopes are sensitive to the neutron flux, because they have large neutron capture cross sections. The decrease of the 149 Sm/ 147 Sm ratio is evidence for neutron capture reactions because of extraordinary large thermal neutron capture cross section of 149 Sm (42000 barn).
Chemical fractionation of REE
Remarkably, the isotopic data for individual minerals vary with their distance from the BAX03 reactor. All of the minerals from three sandstone layers BAX03. (Hidaka and Holliger, 1998; Hidaka and GauthierLafaye., 2000) . For comparison, the isotopic data of reactor sample BAX03.1180 are also listed in Table 2 . It is evident that the isotopic deviation of BAX03.1180 is much larger than those of other samples analyzed in this study. This suggests that the isotopic variations in the samples from the sandstone occurred by mixing of fissiogenic components released from the reactor with non-fissiogenic components in the original materials. under oxidizing conditions such as marine environments. Therefore, this is geochemical evidence that uraninite in the reactor core was once partly dissolved and released fission products from the reactor under the oxidizing conditions, and then the dissolved uranium coprecipitated with non-fissioned uranium that was already present in sandstone.
U and REE differentiation
The proportion of the fissiogenic component (x) relative to the total fraction of individual samples can be calculated by the following equation:
where R meas. , R f , R n are isotopic ratios of sample, fissiogenic component, and nonfissiogenic component, respectively (Hidaka et al., 1988 showed that the elemental abundances of non-fissiogenic REE in the Bangombé RZ are very low (SREE<500 ppm) in spite of its high U concentration (29.5-45.0 wt.%) (Hidaka and Gauthier-Lafaye, 2000) . In addition, REE patterns (Hidaka and Gauthier-Lafaye, 2000) and mineralogical observation (Janeczek and Ewing, 1996b; Jensen and Ewing, 1998) suggest that uraninite in the Bangombé RZ has been partially dissolved and affected by supergene alteration. In particular, Stille et al. (2003) 
Chronological Information from Pb Isotopes
We have endeavoured to obtain chronological information of dissolution of reactor uraninite and fixation of fissiogenic LREE in the secondary minerals. In order to address this issue, Pb-isotopic compositions of individual minerals were measured.
Pb-isotopic compositions of the secondary minerals do not directly provide chronological record because of the disturbance of U-Pb systems due to alteration, but these data do allow us to deduce key information on the formation ages of individual secondary minerals that are related to the timing of dissolution and/or precipitation of the uraninite. As shown in However, in this case, Pb-isotopic ratios of individual minerals do not provide direct chronological information because of the disturbance of U-Pb decay system due to the isotopic mixing event. It is reasonable to consider that the Pb in the minerals has been supplied from two different end-member phases. One is the original mineral existed in the sandstone, and the other is the fissiogenic nuclides produced in the reactor. Table 5 shows the calculated formation ages of goethite and uraninite.
The isotopic compositions of Pb extensively trapped in the altered zircon found in the sandstone of Bangombé were used for the correction of common Pb, because the most likely source of the Pb is considered to be the surrounding 2 Ga-old uranium deposit . The data provide formation ages from 2.02 to 2.08 Ga which are comparable to the U-Pb age of 2.05±0.03 Ga from the uraninite of the Oklo ore deposit (Gancarz, 1978) . Apparently, the old ages calculated from 207 Pb/ 206 Pb of the goethite and uraninite may be interpreted as the time of the migration of relict radiogenic Pb from the 2.05 Ga-old uraninite as a result of recent dissolution. The Pb isotopic data suggest that the BAX03.1290 uraninite was precipitated from the detritus of 2.5 Ga-old uraninite in the sedimentary rocks by recent alteration.
A timing of migration of fissiogenic isotopes in association with dolerite dyke intrusion
Assuming that the Pb isotopic compositions of the individual minerals can be simply discussed by using a two component mixing model, Pb isotopic growth in the secondary minerals should provide evidence of an igneous event at the Bangombé site. give an age 0.798 ± 0.045 Ga. This age corresponds to the timing of dolerite dyke intrusion event in this area, ranging between 0.53 and 1.00 Ga (Bonhomme et al., 1982 ).
This event is well known as a major thermal episode that caused major loss of Pb from uraninite at the Oklo site (Gauthier-Lafaye et al., 1996) . On the other hand, geochronological studies of the Bangombé site remain insufficient, although it is expected that the Bangombé deposit has also been affected by a similar thermal episode as at the Oklo site. The most reliable age for dolerite dyke intrusion event, 0.860 ± 0.040 Ga is provided by U-Pb analysis of two zircon crystals from the dolerite (Zetterström, 2002) . Our Pb age of 0.798 ± 0.045 Ga is consistent with the zircon UPb data within the analytical error.
Comparison of the Alteration History of the Oklo and Bangombé Deposits
We have previously discussed the differences between the alteration processes of the Oklo and Bangombé reactor zones as determined from the chemical differentiation of U and REE in uraninite taken from the various kinds of reactor zones (Hidaka and Gauthier-Lafaye, 2000) . There are significant differences in the U-REE differentiation observed in non-altered Oklo reactor zones (SF84 at zone 10 and SD37
at zone 10), altered Oklo reactor zones (Front 305 at zone 9), and Bangombé reactor zone (BA145, BAX03 and BAX08). The different correlation slopes between U and REE in individual reactor zones is a result of the different geochemical processes and environments for uraninite alteration.
It is interesting to compare our Pb data with other Pb data in order to understand the alteration history at the Oklo and Bangombé areas, because more significant chemical differentiation between U and Pb is expected than that in the U and REE differentiation. with normal U outside of the reactors at the Oklo deposit (Gancarz, 1978; GauthierLafaye et al., 1996) . For comparison, our Pb data obtained are also plotted in Figure 6 .
The data show different trends possibly due to the differences in the alteration processes Pb isotopic analyses do not directly provide information on the timing of individual mineral formation. However, the systematic Pb isotopic data may be recognized using a two-component mixing model between the 2.05 Ga-old original uraninite and fissiogenic material from the reactor as end-members. In addition, Pbdata suggest that the fissiogenic material as an end-member was formed from reactor component in association with thermal activity due to dolerite dyke intrusion approximately 0.798 Ga ago, and then mixed with 2.05 Ga-old uraninite minerals during recent alteration. Analytical uncertainties given for the last digit indicated are 2s of the mean. N.A.= not analyzed in this study *The data from Hidaka and Gauthier-Lafaye (2000) **The data from Janeczek and Ewing (1996a) 0.0000511 ± 18 0.05522 ± 22 0.01802 ± 42 0.00617 ± 3 françoisite-1 0.000286 ± 3 0.09912 ± 9 0.01267 ± 5 0.00638 ± 3 françoisite-2 0.000320 ± 7 0.09953 ± 23 0.01375 ± 23 0.00631 ± 3 françoisite-3 0.000304 ± 7 0.09925 ± 14 0.01331 ± 13 0.00637 ± 2 BAX03.1240 coffinite-1 0.000304 ± 3 0.1044 ± 1 0.01358 ± 4 0.00588 ± 2 coffinite-2 0.000337 ± 5 0.1065 ± 2 0.01502 ± 13 0.00588 ± 2 coffinite-3 0.000299 ± 2 0.1021 ± 2 0.01345 ± 4 0.00592 ± 2 BAX03.1290 goethite-1 0.000484 ± 4 0.1348 ± 2 0.02173 ± 4 0.00722 ± 3 goethite-2 0.000507 ± 3 0.1344 ± 1 0.02169 ± 4 0.00721 ± 3 goethite-3 0.000507 ± 4 0.1344 ± 2 0.02164 ± 3 0.00724 ± 2 goethite-4 0.000511 ± 5 0.1339 ± 5 0.02138 ± 9 0.00726 ± 2 goethite-5 0.000493 ± 4 0.1340 ± 1 0.02168 ± 3 0.00725 ± 3 uraninite-1 0.000490 ± 9 0.1333 ± 4 0.02117 ± 10 0.00722 ± 3 uraninite-2 0.000500 ± 5 0.1340 ± 2 0.02142 ± 4 0.00725 ± 3 uraninite-3 0.000487 ± 3 0.1312 ± 3 0.02063 ± 10 0.00719 ± 5 uraninite-4 0.000488 ± 5 0.1323 ± 8 0.02101 ± 10 0.00722 ± 3 uraninite-5 0.000504 ± 6 0.1336 ± 2 0.02140 ± 8 0.00726 ± 3 uraninite-6 0.000501 ± 6 0.1337 ± 2 0.02139 ± 7 0.00729 ± 3 uraninite-7 0.000507 ± 3 0.1350 ± 4 0.02182 ± 9 0.00727 ± 10 uraninite-8 0.000503 ± 8 0.1351 ± 1 0.02182 ± 4 0.00720 ± 10 uraninite-9 0.000494 ± 3 0.1329 ± 3 0.02115 ± 8 0.00732 ± 10 uraninite-10 0.000502 ± 5 0.1337 ± 3 0.02129 ± 8 0.00729 ± 3
Analytical uncertainties given for the last digit indicated are 2s of the mean.
235 U/ 238 U isotopic ratios for normal (STD) and reactor core (BAX03.1180) are 0.00725 ± 5 (in this study) and 0.005855 ± 3 (Hidaka and Gauthier-Lafaye, 2000) , respectively. (1996) ; The samples peripheral to the reactors ( ) are from Gancarz (1978) .
Analytical errors are included in the symbols. uraninite (1215) coffinite (1225) francoisite (1225) coffinnite (1240) goethite (1290) uraninite ( 
